The most recent high-precision data on spin observables Σ, T , P ′ , E, F and H reported by the CLAS Collaboration together with the previous data on differential cross sections and spin-densitymatrix elements reported by the CLAS, A2, GRAAL, SAPHIR and CBELSA/TAPS Collaborations for the reaction γp → ωp are analyzed within an effective Lagrangian approach. The reaction amplitude is constructed by considering the t-channel π and η exchanges, the s-channel nucleon and nucleon resonances exchanges, the u-channel nucleon exchange and the generalized contact current, with the last one being formulated to ensure that the full photoproduction amplitudes satisfy the generalized Ward-Takahashi identity and thus are fully gauge invariant. It is shown that all the available CLAS data can be satisfactorily described by considering the N (1520)3/2 − , N (1700)3/2 − , N (1720)3/2 + , N (1860)5/2 + , N (1875)3/2 − , N (1895)1/2 − and N (2060)5/2 − exchanges in the s channel. The parameters of these resonances are extracted and compared with those quoted by PDG.
I. INTRODUCTION
The study of hadron mass spectrum and hadronic decays provides essential information towards the understanding of strong interaction in the non-perturbative regime of Quantum Chromodynamics. It is now a consensus in hadron physics community that one has to investigate as many independent reaction processes as possible to extract detailed information on hadron resonances, especially, in the baryonic sector. Indeed, there is currently an intense activity, both experimentally and theoretically, in investigating many different meson production reactions. One of the major motivations behind this drive is to find the so-called "missing resonances", which are predicted by the non-relativistic quark models but not found in the experiments of π production reactions [1, 2] . A possible explanation for the "missing resonances" problem is that they may have escaped from observation due to their relatively small coupling to the πN final state. Thus the study of production reactions of mesons other than π becomes indispensable. The ηN channel has been investigated as a first step towards this goal and, currently, heavier meson production processes such as η ′ , ω and φ are being subjects of increasing attention. These efforts are not restricted to the non-strangeness sector only. There has been also an intense activity in the strangeness sector to search for hyperon resonances with strangeness quantum number S = −1 via KY photoproduction (Y = Λ, Σ) and interest in heavier meson photoproduction such as K * Y is also increasing [3] [4] [5] [6] [7] [8] . There are also initiatives to inves- * huangfei@ucas.ac.cn † nakayama@uga.edu ‡ lidm@zzu.edu.cn
tigate strange baryon resonances with S = −2 and −3 [9, 10] .
The present work concerns the photoproduction of ω meson off the proton. This reaction has been studied intensively from late 60ths to 90ths at energies well above the resonance energy region to address a variety of interesting physics questions. In particular, the vector meson photo-and electro-production processes, in general, provide an important insight into the diffractive mechanisms at high energies. At lower energies in the resonance energy region (below center-of-mass energy of W ∼ 3 GeV), the ω photoproduction offers a means to probe the possible missing states in the 2 GeV mass region (referred to as the third resonance region) which might couple to the ωN channel. The ω photoproduction off nuclei has been also investigated [11, 12] to study the medium effects on the properties of vector mesons [13, 14] . ω photoproduction off deuteron has been investigated in Ref. [15] . There are few features in this reaction off the proton that make it attractive for studying the role of nucleon resonances. One is that the dominant contribution to the non-resonant amplitude is fairly known. At higher energies, the diffractive processes -taken into account by Pomeron exchange -dominate and, at lower energies, the t-channel pion exchange dominates [16] . In fact, this feature has been known since early 70ths [17] [18] [19] [20] [21] [22] . In Ref. [23] , it is found that at intermediate energies below W < 3.2 GeV, Pomeron exchange is no longer sufficient to reproduce the data, and it has been suggested that π and f 2 exchanges become the dominant contributions. Another feature is the isoscalar nature of the ω meson that filters out the isospin I = 3/2 ∆-resonances in the schannel. Together, these features provide a great deal of simplification to the, otherwise a very complex problem of resonance extraction. The ρ meson photoproduction also gives information on the resonances in the same mass region of 2 GeV, since ρ has a mass of about 775 MeV which is close to the omega mass of 782.7 MeV. However, the ρ meson is an isovector meson and, as such, it excites not only I = 1/2 but also I = 3/2 resonances, which makes the analysis of resonance extraction more involved. In addition, unlike ω, whose widths is about 8.5 MeV, the width of ρ is about 150 MeV. This means that the effect of the width of ρ in the final state has to be taken into account in the ρ meson production reactions which may affect the quality of the associated experimental data.
Earlier data on ω photoproduction in the resonance energy region have low statistics and are scarce. They date from late 60ths to early 80ths and one in the late 90ths [17, 20, [24] [25] [26] [27] [28] [29] . A new generation of data was reported only in 2003 by the SAPHIR Collaboration [30] with the first high-statistics cross section and spindensity-matrix elements (SDMEs) data in the center-ofmass energy range from the ω-production threshold up to W = 2.4 GeV. In Ref. [31] , the CBELSA/TAPS Collaboration reported the data on beam asymmetry in the nearthreshold energy region. The CLAS Collaboration provided another high-statistics measurements of the differential cross section and SDMEs [32] . Many data were reported in the year 2015 in particular: new measurements of differential cross sections and SDMEs and the first measurements of the double polarization asymmetries, the beam-target-helicity asymmetries E and G, were reported by the CBELSA/TAPS Collaboration [33, 34] ; a new measurement of the differential cross section with full production-angle coverage was reported by A2 Collaboration at MAMI [35] . Also, the beam asymmetry Σ has been measured by the GRAAL Collaboration [36] . More recently, the CLAS Collaboration reported the newest data of the photon beam asymmetry and a comparison with previous results were made [37] . The newest high-precision CLAS data on the spin observables E [38] as well as on Σ, T [39] and P ′ , F , H [40] have been just reported. The latter four observables, T , P ′ , F and H, were measured for the very first time.
From the theoretical side, a number of studies of the reaction γp → ωp have been performed to learn about the reaction mechanisms in general and the role of nucleon resonances in particular. Earlier studies focused more on learning about the basic features of this process such as the dominant non-resonant reaction mechanisms [18, 22] . The formalism for vector meson photoproduction with polarized photon was given in an early work in Ref. [41] . For a later work on spin information from the decay of vector meson in photoproduction, see Ref. [42] . The general aspect of the reaction based on symmetry considerations was investigated in Refs. [43, 44] . The later works have concentrated on more specific aspects of the reaction such as the sensitivity of some of the spin-observables to certain details of the reaction dynamics [45, 46] and the effects of the ωN final-state-interaction [47] . The role of the nucleon resonances in ω photoproduction has been investigated in Refs. [16, 48, 49] within tree-level effective Lagrangian approaches and in Refs. [50, 51] in a coupled-channel K-matrix approach. Also in Ref. [52] , the ω photoproduction has been studied in a dynamical coupled channels approach. Only recently, with measurements of some of the spin-observables, in addition to high-statistics cross section data, the first partial-wave analyses have been performed [53, 54] . Although these partial-wave analyses are limited, improvements toward a more complete analyses are expected as the data base for this reaction increases, especially, with measurements of more independent spin-observables.
While all of the authors agree on the π 0 exchange in the t-channel playing a important role in the lower energy region and the diffractive processes dominance at higher energies, i.e., Pomeron exchange, they show discrepancies on various dominant resonance contributions. In the very first dedicated study of nucleon resonances in ω photoproduction, Zhao [48] uses an effective quark model Lagrangian approach based on a quark model of Refs. [55, 56] , and finds that the dominant resonances in his model are N (1720)3/2 + and N (1680)5/2 + . The former is just at the nominal ω production threshold, while the latter is a below threshold resonance. Oh et al. [16] , on the other hand, based on another quark model by Capstick and Roberts [57, 58] + is a "missing resonance" state predicted by the constituent quark model used to account for the configuration mixing. The calculation made by Titov and Lee [49] , where the resonance couplings are fixed from the empirical helicity amplitudes together with the vector meson dominance assumption, finds that the two most important resonance contributions to ω photoproduction come from N (1520)3/2 − and N (1680)5/2 + in the low energy region below W = 1.8 GeV. Both resonances are below threshold resonances. The coupled-channel analysis of Giessen group [50] , for energies W ≤ 2 GeV, finds a dominance of two resonances, N (1710)1/2 + and N (1900)3/2 + , to the ω production mechanism. In a later analysis, including further data, the Giessen group [51] finds that while the N (1680)5/2 + state only slightly influences the ω meson production in πN scattering, its role is enhanced in ω photoproduction due to its relatively large electromagnetic coupling to the proton. In a dynamical coupled channel analysis, Paris [52] quotes the S 11 , D 13 and F 15 partial waves as the dominant contributions to ω photoproduction, but the resonances are not extracted. Three states, N (1700)3/2 + , N (1680)5/2 + and N (2190)7/2 − , are found to be dominant in the partial-wave analysis of Williams et al. [53] , based on the high-statistics cross section and SDMEs data for energies up to W = 2.4 GeV. The most recent (partial-wave) analysis of the ω photoproduction reaction to date has been done by Denisenko et al. [54] within the Bonn-Gatchina approach. It is, by far, the most complete analysis in the sense that it considers a large data base on pion and photo-induced reactions, including the recent ω photoproduction data for differential cross sections, several SDMEs, the beam asymmetry Σ, the normalized helicity difference E, and the correlation G between linear photon and longitudinal target polarization. Here, twelve resonances, including the two nominally below-threshold resonances, N (1700)3/2 − and N (1710)1/2 + , are found and the decay rates of these twelve resonances to N ω were determined.
Most of the work mentioned above consider only the differential cross section data in their analyses due to the, then, lack of the data for more exclusive observables. By now, it is a well known fact that cross sections alone are far from imposing stringent constraints in the extraction of resonances. For this, measurements of spin polarization observables are of high significance and urgency. A complete experiment in vector meson photoproduction requires 24 independent observables to determine the 12 amplitudes [43] . Thus, such an experiment is probably not feasible. Nevertheless, these more exclusive spin-observables are much more sensitive to the details of reaction dynamics in general and, therefore, are essential to help constrain the resonance content of existing models. Unlike for the scalar and pseudoscalar mesons, for vector mesons there is relatively a much larger number of independent spin observables. Thus, presumably they are more critical to help impose stringent constraints in the extraction of resonances. In fact, the sensitivity of some of the spin-observables in ω photoproduction to the reaction dynamics has been pointed out by various authors [16, 48-50, 53, 54] .
The purpose of the present study is to learn more about the role of resonances in ω meson photoproduction in the 2 GeV energy region based on the most recent highprecision unpolarized and polarized CLAS data. The analysis will be done within a tree-level effective Lagrangian approach, similar -but not identical -to that of Ref. [16] . The strategy in the present work differs from that of Refs. [16, 48] in that, instead of using resonance couplings determined by quark models, we let the recent high-precision data to decide on the relevant resonances by fitting the resonance parameters to these data within our effective Lagrangian approach. Part of our theoretical results for double polarization observables P ′ , F and H have been published together with the experimental data from the CLAS Collaboration in a Letter of Ref. [40] . Here we report the details of our investigations and, in particular, we report our results for P ′ , F and H that are not shown in Ref. [40] due to page limit and also the results for Σ, T , E, dσ/dΩ and SDMEs.
The paper is organized as follows. In Sec. II, the kinematics for the ω photoproduction reaction off the nucleon is defined as well as the effective Lagrangian densities for computing the corresponding amplitude and the formulas for calculating various observables are presented. Some brief comments on the gauge-invariant amplitude and the energy-dependent widths are also introduced in this section. Our results and discussion are presented in Sec. III. Finally a brief summary and conclusions are given in Sec. IV.
II. FORMALISM
The reaction of interest in the present study is
where the arguments k, p, q and p ′ indicate the fourmomenta of the incoming photon, initial-state (target) proton, outgoing ω and final-state (recoil) proton, respectively. We also define the Mandelstam variables
Following the field theoretical approach of Refs. [59] [60] [61] [62] , the full amplitude for the present reaction can be expressed as
with ν and µ being the Lorentz indices of the ω meson and photon, respectively. The first three terms M νµ s , M νµ t , and M νµ u stand for the contributions from the s-, t-, and u-channel diagrams, respectively. They arise from the photon attaching to the external particles in the underlying three-point ωN N interaction vertex. The last term, M νµ int , stands for the interaction current which arises from the photon attaching to the internal structure of the N N ω interaction vertex. All four terms in Eq. (2) are diagrammatically depicted in Fig. 1 . We refer as the non-resonant (or non-pole) amplitude the sum of the last three terms in Eq. (2), i.e., M The (s-channel) resonant amplitude consists of the nucleon and nucleon resonance contributions. As mentioned in the Introduction, previous studies of this reaction have shown that the non-resonant amplitude is dominated by the t-channel pion exchange at low energies and by the diffractive processes (t-channel Pomeron exchange) at higher energies. Since we are interested in the limited energy region below W ∼ 2.5 GeV, the Pomeron exchange contribution can be safely ignored [16] . Thus, our non-resonant amplitude in the t-channel (M νµ t ) is given dominantly by the pion exchange contribution. We also include the η meson exchange despite it's contribution being small since the ωηγ coupling constant is known. For the u-channel contribution to the non-resonant amplitude, we take into account the nucleonic current. We have checked and found that the u-channel resonance contributions are small enough to not affect the extracted resonance content. This is consistent with the observed behavior of the differential cross section data at backward angles.
The interaction current (M νµ int ) contributes to the nonresonant amplitude very significantly, in general. However, for ω photoproduction, its contribution is expected to be relatively small, given that the non-resonant amplitude is dominated by the t-channel processes (pion plus Pomeron exchange). Hence, in the present work, the interaction current is taken into account in a minimal fashion by a phenomenological generalized contact current
Feynman diagrams that define the present model for the γp → ωp reaction. Time proceeds from left to right.
as specified below. This contact current is such that it preserves gauge invariance of the resulting total reaction amplitude.
The Feynman diagrams that define the present model are shown in Fig. 1 . As mentioned above, they include (a) t-channel pseudo-scalar (π, η) meson exchange current, (b) s-channel nucleonic (N ) and resonance (N * ) currents, (c) u-channel nucleonic current and (d) the phenomenological contact current. In the following, we specify the effective Lagrangian densities and propagators required for constructing the reaction amplitude corresponding to the Feynman diagrams shown in Fig. 1 . The phenomenological (contact) interaction current is also specified.
A. Effective Lagrangians
We calculate the t-channel mesonic and u-channel nucleonic currents by using the following effective Lagrangians:
where π, A µ , ω µ and N denote the pion, photon, ω and nucleon field, respectively. e is the elementary charge unit, andê = (1 + τ 3 )/2 stands for the charge operator.
The coupling constant g N N π = 13.46, g N N η = 4.76, g N N ω = 11.76 and κ ω = 0 are taken from a coupledchannel study of pion photoproduction of [61] . The pseudoscalar-pseudovector mixing parameter λ is set to λ = 0 for both π and η; for pion, this is demanded by chiral symmetry. The electromagnetic coupling constants g ωπγ = 0.32 and g ωηγ = 0.25 are also taken from our previous work of coupled-channel pion photoproduction [61] .
Following Refs. [60, 62] , the interaction current M νµ int for γp → ωp is modeled in a minimal fashion by a generalized contact current
where Γ ν N N ω stands for the N N ω vertex function given by the Lagrangian in Eq. (8),
with q being the 4-momentum of the outgoing ω meson.
The auxiliary current C µ in Eq. (9) is given by
with f u and f s denoting the phenomenological form factors, as specified later, in the u-and s-channel nucleonic current, respectively, and
Here the parameterĥ may be an arbitrary (complex) function,ĥ =ĥ(s, u, t), which, in general, is subject to crossing-symmetry constrains and must go to unity at high energies. The vanishing high-energy limit ofĥ is necessary to prevent the "violation of scaling behavior" [63] . Since we restricted ourselves to low energies in the present work, we set the fit parameterĥ as a constant, h = 1.0, for simplicity. The s-channel resonance currents are constructed from the following Lagrangians. For the electromagnetic couplings, we have
where R designates the nucleon resonance, and the superscript of L RN γ denotes the spin and parity of the resonance R. The coupling constants g
RN γ (i = 1, 2) are fit parameters. The notations F µν and Γ (±) are defined as
For the hadronic couplings, we have
where
RN ω are fit parameters. Actually, only the products of the electromagnetic couplings and the hadronic couplings of nucleon resonances are relevant to the reaction amplitudes, and these products are what we really fit in practice.
B. Resonance propagators
For spin-1/2 resonance propagator, we use the ansatz
where M R , Γ and p are mass, width and four-momentum of the resonance R, respectively. In accordance with Refs. [64] [65] [66] , the following prescriptions for the propagators of resonances with spin-3/2, -5/2 and -7/2 are adopted in the present work:
and the summation over P µ (P ν ) in Eq. (26) goes over the 3! = 6 possible permutations of the indices
The resonance width Γ appearing in the resonance propagators given above is energy-dependent. We account for this dependence with an appropriate threshold behavior in our formalism. Explicitly, we write the width Γ as a function of W = √ s in the form of
where the sum over i accounts for decays of the resonance into hadronic channels, and the sum over j accounts for decays of the resonance into radiative channels. Γ R denotes the total static resonance width at W = M R . The factors β i and γ j are, respectively, the hadronic and radiative decay branching ratios of the i-th resonance satisfying
Similar to Refs. [62, 67] , we parameterize the width functions Γ i (W ) and Γ γj (W ) to provide the correct respective threshold behaviors. The details can be found in Ref. [67] .
C. Form Factors
Each hadronic vertex obtained from the Lagrangians given in the previous subsection is accompanied with a phenomenological form factor to account for the composite nature of the hadrons. Following Ref. [3] , we take the form factor for intermediate baryons as
where p x and M B denote the four-momentum and mass of the intermediate baryon either in the s-or u-channel as x = s, u. The cutoff parameters Λ x are treated as fit parameters.
For intermediate meson exchange, we take the form factor as [3] 
where q and M M denote the four-momentum and mass of the intermediate meson, respectively. The cutoff parameters Λ M are treated as fit parameters.
D. Observables
We define a set of three mutually orthogonal unit vectors {x,ŷ,ẑ} in terms of the available momenta in the problem, i.e., the incident photon momentum k and the outgoing ω-meson momentum q:
Here, the boldface indicates the respective threemomentum.
In the γp → ωp center-of-mass (c.m.) frame, the invariant reaction amplitude M νµ , introduced in the previous subsection (cf. Eq. (2)), can be expressed in the c.m. helicity basis [68] 
where λ γ , λ ω , λ i and λ f are the helicities of the proton, vector meson, initial and final state nucleons, respectively. The normalization of the above helicity amplitude is such that it is related to the differential cross section by
Together with cross sections, spin-polarization observables connect experiment with theory. They can be directly compared with theoretical calculations and hence give access to information about the reaction dynamics. In this work, we consider both the single and double spinpolarization observables involving the polarizations of the photon beam, target nucleon and recoil nucleon, in addition to the ω-meson SDMEs with unpolarized target and recoil nucleons.
Following Ref. [69] , we introduce the notation σ(B, T ; R, V ) for the cross section dσ/dΩ where the arguments (B, T ; R, V ) denote the polarizations of the photon beam (B), target proton (T ), recoil proton (R) and produced ω meson (V ), respectively. With this notation, the unpolarized differential cross section is
where U denotes the unpolarized spin state. For the single-polarization observables, photon beam asymmetry (Σ), target nucleon asymmetry (T ), and recoil nucleon asymmetry (P ), we have:
where ⊥ ( ) denotes the polarization state perpendicular (parallel) to the reaction plane. For the double-polarization observables, we have
where we label the helicity +1 circular polarization by (r), and the helicity −1 circular polarization by (l). ⊥ ′ ( ′ ) stands for the polarization when the perpendicular ⊥ (parallel ) polarization is rotated clockwise about the z-axis by an angle φ = π/4. ±z (±x) indicates the polarization in the ±ẑ-direction (±x-direction), respectively. We note that the above definitions of the singleand double-polarization observables coincides with those given in Ref. [70] , except for an overall minus sign in the E-and G-observables.
In Ref. [40] , the CLAS Collaboration has measured the beam-target asymmetry P ′ ,
which is called P in Ref. [40] but is different from the usually used one defined in Eq. (39) for the single spin observable, recoil nucleon asymmetry (P ). 2 In the present work, we shall use the symbol P ′ instead of P for the beam-target asymmetry observable defined in Eq. (44) .
The SDMEs, as the interference between the independent helicity amplitudes, can be measured in the final state ω decay distribution. Explicitly, they are given by [41] 
Here λ ′ s denote the helicities of the respective particles as given in Eq. (34) , and N is the normalization factor given by
Because the particle's decay distributions in general, and the ω decay distribution in particular, are measured in the decaying particle's rest frame, the SDMEs are usually presented also in this frame. More specifically, there are three reference frames of common use, which differ from each other by the choice in the quantization axis only. In the helicity frame, the three mutually orthogonal axes are given bŷ
In the Gottfried-Jackson frame, the choice of the orthogonal axes is the same to that of Eq. (33) . Thus this frame is simply the c.m. frame boosted by to the ω rest frame.
In the Adair frame, theẑ ′ -axis equals the direction of the photon momentum as measured in the c.m. frame. The three frames defined above are related by a simply rotation about theŷ ′ -axis. For forward-produced ω meson, all three frames coincide.
III. NUMERICAL RESULTS AND DISCUSSIONS
High-precision experimental data for cross sections and a number of spin observables in γp → ωp have been reported by different groups (SAPHIR, CLAS, A2 and CBELSA/TAPS). Some of the data sets from these groups, however, are inconsistent with each other. This is the case, e.g., with the cross section data sets. The SAPHIR [30] , CLAS [32] and A2 [35] Collaborations' data sets are in fairly good agreement overall with each other in the overlapping energy regions but there are some noticeable discrepancies, especially, close to threshold energies, where the SAPHIR and CLAS data are poorer than the A2 data. The CBELSA/TAPS cross section data [33] show a clear discrepancy (which increases with energy and becomes clear for energies above W ∼ 2 GeV or so) with both the SAPHIR and CLAS data. The SAPHIR data seem systematically lower than both the CLAS and CBELSA/TAPS data for backward ω production angles. Despite a considerable effort has been made to resolve this issue, in particular, between the CBELSA/TAPS and CLAS Collaborations, where the discrepancy appears to be almost a linear energydependent normalization factor, the nature of the discrepancy remains unclear [33] . This situation makes difficulty to include the data sets from these groups in a single analysis. In particular, there is no valid reason to discard any one of these data sets in favor of others. In the present work, we chose to include in our analysis the CLAS data only because they have, in addition to the differential cross sections, the newest and largest number of independent spin observables data with higher accuracies than those from other groups. In addition to the differential cross sections and SDMEs data [32] , the CLAS Collaboration has reported the newest data of Σ, T [39] , E [38] , and, just recently, P ′ , F , H [40] ; the data for T , P ′ , F , and H were measured for the very first time. Later, we consider the A2 and CBELSA/TAPS data separately.
The major objective of the present work is to extract the information on the nucleon resonances involved in the reaction γp → ωp based on an effective Lagrangian approach as described in Sec. II. For this purpose, in addition to the cross section data, we include all available new data on spin observables as mentioned above to constrain the model parameters. This is the main difference that distinguishes the present work from earlier analyses. We confine our analysis in the energy region from threshold up to ∼ 2.25 GeV. The strategy employed in this work is to consider a minimum number of resonances to achieve an acceptable description of these data. We consider the resonances listed in PDG [72] in the energy range of W = 1.7 ∼ 2.0 GeV. Specifically, we find that the data can be satisfactorily described by including the set of following resonances:
− , and N (1895)1/2 − and N (2060)5/2 − , in addition to the sub-threshold N (1520)3/2 − . We men- − , the electromagnetic branching ratios have been fixed at 0.5%. The other branching ratios in normal font are determined by the present fit to the ω photoproduction data. 
RNω and g
RNω stand for gRNω and fRNω, respectively. g
RNγ * g tion that we have tried all other possible combinations of 7 or less resonances before arriving to our solution for the set of resonances. Adding one more resonance to the achieved solution will not improve the fitting quality considerably, and we thus postpone such attempts until more spin observable data become available.
The model parameters associated with resonance are the resonance mass M R , total decay width Γ R at W = M R , decay branching ratios β i , the electromagnetic and hadronic coupling constants, g RN ω , and the cutoff parameter Λ R in the form factor. They are free parameters to be fitted to reproduce the considered data. Whenever available, the dominant hadronic decay branching ratios are taken from PDG [72] . We then introduce one additional (effective) decay channel to satisfy the sum rule given by Eq. (30) . Of course, for resonances above the N ω-threshold, we have in addition the N ω branching ratio which is determined from the corresponding fitted RN ω coupling constants. The radiative decay branching ratios are also taken from PDG. For those resonances where this information is unavailable, we consider them as fit parameters. In the present work we allow both the electromagnetic and hadronic coupling constants to be complex. With the observation that in our tree-level effective Lagrangian approach, the results are sensitive only to the product of the electromagnetic and hadronic vertex functions, we introduce a common complex phase e iφR to the product of the coupling constants, g
RN ω , for a given resonance R to account for the complex nature of these coupling constants. All the parameters of the non-resonant u-, t-and (nucleon) s-channel amplitudes have been calculated or fixed from independent sources as described in Sec. II, except for the cutoff parameters in the form factors, Λ t , Λ u and Λ s , which are treated as fit parameters.
In Table I we list the decay channels and the corresponding branching ratios we have considered for each of the resonances. As to the hadronic decays, for N (1520)3/2 − , all the decay channels and their branching ratios considered have been fixed by the dominant decay modes quoted in PDG. For all the above-threshold resonances, the N ω branching ratios are calculated from the corresponding fitted RN ω coupling constants, g
− , and N (2060)5/2 − , apart from the dominant branching ratios given in PDG, we have introduced an effective decay mode N ππ to satisfy the sum rule of Eq. (30) . For N (1720)3/2 + , we have chosen the ∆π as the effective decay mode. For N (1520)3/2 − and N (1720)3/2 + which are rated as 4-star states in PDG with well determined properties, the corresponding radiative decay branching ratios are fixed by the centroid values suggested by PDG. For the N (1875)3/2 − , N (1895)1/2 − , and N (2060)5/2 − resonances, our results are shown to be not sensitive to the corresponding radiative branching ratio values, and thus we have fixed them to be β N γ = 0.5%. The radiative decay branching ratios β N γ for N (1700)3/2 − and N (1860)5/2 + are treated as fit parameters in the present work.
In Table II , we show the resulting fit values of the product of the coupling constants, g
RN ω , and the phase φ R common to the displayed products of the coupling constants for each resonance as explained previously.
The fit results for the resonance mass M R , total width Γ R at W = M R and the cutoff parameter Λ R are given in Table III , together with the corresponding range of values quoted in PDG [72] (in square brackets). Our extracted values for both M R and Γ R are consistent with those quoted in PDG.
The fitted cutoff parameters of the form factors entering in the t-, s-, and u-channel non-resonant amplitudes are Λ t = 712 MeV, Λ s = 1046 MeV and Λ u = 500 MeV, with the latter two being for the s-and u-channel nucleon exchanges, respectively. Here we note that the value of Λ u = 500 MeV entering in the nucleon u-channel diagram may be too small to be realistic, indicating that the nucleon current contribution is too large and, therefore, a strong form factor is needed to suppress its contribution. This feature has been observed also in the earlier works [16, 47, 52] . In Ref. [52] , where the analysis has been carried out within a coupled channel approach, instead of suppressing the too strong nucleonic current contribution through a form factor, it has introduced a fictitious heavier "omega" meson, ω ′ , with an adjustable coupling constant. The N N ω coupling constants, g N N ω and κ ω are not yet well determined. An early account in Ref. [73] reveals a broad range of values from g 2 N N ω /4π ∼ 8 to 35 for the vector coupling, and κ ω ∼ −0.16 to +0.14 for the ratio of tensor to vector coupling. Janssen et al. [74] have shown that, once the contribution of the correlated πρ-exchange to the N N interaction is taken into account explicitly, the large values of g 2 N N ω /4π ∼ = 20 required in the description of the N N scattering data is reduced by about a factor of 2, leading to an N N ω coupling constant which is more in line with the value one would obtain from the SU(3) symmetry considerations, g N N ω = 3g N N ρ ≈ 10. This reduces the range of g N N ω considerably. The value of g N N ω ≈ 10, consistent with SU(3), have been used in the analyses of the N N → N N ω reaction [73, 75] . Also, the values of g N N ω = 7.0 − 10.5 and κ ω ≈ 0 were found to describe consistently the πN scattering and π photoproduction processes [76] . Anyway, the problem of a too strong nucleonic current, especially for the u-channel contribution, is an open question and should be addressed in future work. Here, together with the t-channel pion exchange current, the nucleonic current has been introduced merely as to account for the non-resonant background amplitude, since the focus of this work is to extract information on the resonance content in ω photoproduction reaction.
In Figs. 2-9 we show our numerical results for differential cross section dσ/d cos θ, spin density matrix elements ρ 0 00 , Re ρ 0 10 and ρ 0 1−1 , single polarization Σ and T , and beam-target double polarization P ′ , E, F and H, respectively, together with the corresponding most recent experimental data. Overall, the agreement of the model results with the data is reasonable. In the differential cross sections, deviations in the fit results are seen at the backward angles and low energies. One also sees significant deviations in the description of the SDMEs by the present model, especially, ρ 0 10 for forward angles at higher energies and ρ 0 00 . Some deviations are also observed in ρ 0 1−1 at forward and backward angles depending on the energy region. Except for E and F , there are some deviations for other spin observations at the lowest energies. Also, there is a discrepancy in E for forward angles at W = 1898 MeV.
The chi squared per data points for different types of observables are shown in Table. IV (row "sol. I"). We see that the relatively large global χ 2 /N obtained arises, especially, from the SDMEs ρ 0 10 , ρ 0 00 and ρ 0 1−1 , followed by the differential cross section. This is cased by the very small statistical uncertainties in these data. Note that, here, no systematic uncertainties are included.
In Figs. 10 i /Ni evaluated for a given type of observable specified by the index i = dσ (differential cross section), ρ00, ρ1−1, ρ10, Σ, T , P ′ , E, F and H. The last column corresponds to the global χ 2 /N , where N is the total number of data points including all the types of observables considered. Row "sol. I" corresponds to the best fit results presented in Tables. I, II and III with Λt = 712 MeV. Row "sol. II" corresponds to the fit results with Λt = 650 MeV. Row "sol. III" corresponds to the same fit results as "sol. I", except for the presence of the fit phase parameter ϕ (= 1.64π) in the complex exponential factor e iϕ in the non-resonant amplitude. sections resulted from a fit to the CLAS data are compared with the data from the A2 Collaboration [35] and the data from the CBELSA/TAPS Collaboration [54] , respectively. One sees significant deviations between the theoretical results and the A2 data, especially, for backward angles at lower energies. One also sees obvious deviations between the theoretical results and the CBELSA/TAPS data in the forward angle region at higher energies. These deviations clearly indicate the discrepancies among the data from the CLAS, A2 and CBELSA/TAPS Collaborations as mentioned at the beginning of this section. In Fig. 12 , the theoretical results for the SDMEs resulted from a fit to the CLAS data are compared with the corresponding data from the CBELSA/TAPS Collaboration [54] . Here, no obvious discrepancies are seen, mainly due to the fact that the data from the CBELSA/TAPS Collaboration has much larger error bars.
The prediction of the total cross section from the present model is shown in Fig. 13 curve corresponds to theoretical total cross sections obtained by integrating the corresponding differential cross sections as shown in Fig. 2 . The dotted and dashed curves represent the contributions from the t-channel π exchange and the s-channel resonance exchanges, respectively. We see that the contribution from the π exchange is significant in the whole energy region considered and it becomes dominant for energies above W ∼ 1.9 GeV. The contributions from the resonances are also significant. In Fig. 13 we also display the available total cross section data. The stars and open squares correspond to the data from the SAPHIR Collaboration [30] and the A2 Collaboration [35] , respectively. The crosses represent the CBELSA/TAPS data. Here we see clearly that the currently existing consistencies/inconsistencies among these data. Due to the limited angular acceptance of the CLAS detector, no total cross section data exist from this Collaboration. However, the solid curve gives some idea on where the corresponding data might lay.
In Fig. 14 , we show the total cross sections stemming from the contributions of individual resonances. One sees that the energy region close to threshold is dominated by the N (1520)3/2 − resonance which causes a sharp rise of the cross section from the threshold and peaks around W ∼ 1.8 GeV. The next strongest contribution is due to the N (1860)5/2 + resonance which peaks around W ∼ 1. In order to gain some insight on how well the considered CLAS data constrain the background and resonance contributions, we make a comparison of the present model results shown in Figs. 2-9 and 13-14 with other fit results that have a little worse but comparable fit quality and have a reduced background contribution. This is achieved by reducing the π exchange contribution -by far the dominant non-resonant background contribution -through the reduced cutoff parameter Λ t (the only free parameter in the π exchange contribution) from Λ t = 712 MeV to Λ t = 650 MeV. The corresponding total cross section results are shown in Fig. 15 FIG. 7. Beam-target asymmetry E for γp → ωp as a function of cos θω in the center-of-mass frame. The numbers in the bracket denote the photon incident energy (left number) and the center-of-mass energy of the system (right number), in MeV. Data are taken from CLAS Collaboration [38] (star) and CBELSA/TAPS Collaboration [54] (circle). Only the data from Ref. [38] with center-of-mass energy smaller than 2.245 GeV are included in the fit. [40] . Only the data with center-of-mass energy smaller than 2.245 GeV are included in the fit. results from the best fit with Λ t = 712 MeV as shown in Figs. 13-14 , we see that the reduction in the background contribution can be compensated by the enhancement in the resonance contribution and still achieve a reasonable fit quality of the considered data (cf. the upper panel in Fig. 15 ). We also see that, although the resonance content remain the same, the relative contribution of the individual resonances changes (cf. the lower panel in Fig. 15 ). The chi squared per data points for different types of observables corresponding to the fit results with Λ t = 650 MeV are shown in Table IV (row "sol. II") which also give an idea of the comparable fit quality to that of the best fit results with Λ t = 712 MeV corresponding to "sol I" in Table IV .
In a full reaction amplitude, both the resonant and non-resonant background amplitudes are, in general, complex. The complex nature of the amplitude is crucial for describing certain spin observables in particular. In the present model, the non-resonant amplitude is purely real. An estimate of the relevance/irrelevance of the complex nature of the non-resonant amplitude may be obtained by introducing a complex phase factor e iφNR in our real non-resonant amplitude. Of course, the complex structure of the reaction amplitude is intimately related to the property of unitarity of the full reaction amplitude. In other words, unitary should, in principle, dictate the complex phases. We have then repeated the fit of the CLAS data as has been done to obtain the fit results corresponding to "sol. I" in Table IV with the phase φ N R as an extra fit parameter. The results obtained for χ 2 i /N i for the individual independent observables i are shown in Table IV (row "sol. III"). Comparing with the results of row "sol. I", we see that this can influence the fit quality of certain spin observables by as much as 10 ∼ 15%.
We now turn our attention to the analysis of the A2 [35] and CBELSA/TAPS [33] data to see how they influence the extracted resonance content compare to the CLAS data. Recall that there are some inconsistencies in the cross section of both the A2 and CBELSA/TAPS FIG. 13. Total cross section for γp → ωp as a function of center mass energy for the whole system. The solid, dotted and dashed lines denote the contributions from the full amplitude, the t-channel π exchange and the s-channel resonance exchanges, respectively. The contributions from other terms are too small to be shown in this figure. The scattered symbols denote the data from the SAPHIR Collaboration [30] (star), the A2 Collaboration [35] (open square) and the CBELSA/TAPS Collaboration [33] (cross), respectively, with the grey band representing the systematic uncertainties. These data are not included in the fit. data with the corresponding CLAS data as discussed at the beginning of this section. For the analysis of the A2 data, we have simply replaced the CLAS differential cross section data by the corresponding A2 data in the overlapping energy region. Everything else are kept as in the analysis of the CLAS data presented above. For the analysis of the CBELSA/TAPS data, we consider the differential cross section and SDMEs ρ Fig. 16 , we also see a different relative contribution of the resonances between the CLAS and CBELSA/TAPS data. Note in particular that at least an extra higher mass resonance -here, N (2120)3/2 − -is required to reproduced the CBELSA/TAPS differential cross section data for energies W > 2 GeV in contrast to the analysis of the CLAS data. 
IV. SUMMARY AND CONCLUSION
Quite recently, the CLAS Collaboration has reported the newest high-precision data on the spin observables E [38] as well as Σ, T [39] , and P ′ , F , H [40] for the γp → ωp photoproduction reaction. The data for the latter four observables, T , P ′ , F and H, were measured for the very first time.
In this work, we perform for the γp → ωp reaction a theoretical analysis of the recently published highprecision data on spin observables Σ, T , P ′ , E, F and H [38] [39] [40] together with the previously published highprecision data on differential cross sections and SDMEs ρ 00 , ρ 1−1 , ρ 10 [32] from the CLAS Collaboration within an effective Lagrangian approach. Part of the results for double polarization observables P ′ , F and H have been published together with the experimental data in a Letter of Ref. [40] . Here we report the details of our investigations and, in particular, we report also the results for Σ, T , E, dσ/dΩ and SDMEs.
In the present work, the reaction amplitudes are constructed by considering the t-channel π and η exchanges, the s-channel nucleon and nucleon resonances exchanges, the u-channel nucleon exchange and the generalized contact current. The generalized contact current is formulated in such a way that the full photoproduction amplitudes satisfy the generalized Ward-Takahashi identity and thus are fully gauge invariant. The strategy for introducing the s-channel nucleon resonances employed in the present work is that we introduce nucleon resonances as few as possible to get a satisfactory description of the data.
It is shown that all the available data from the CLAS Collaboration can be satisfactorily described by considering the N (1520)3/ − resonances in the s channel apart from the non-resonant contributions.
The masses, widths and branching ratios for these resonances are extracted and compared with those quoted by PDG. The contributions from the individual terms of the reaction amplitudes to the total cross sections are analyzed. The t-channel π exchange is found to dominant the background contribution, and the contributions from nucleon resonances are also found to be significant to the cross sections. The effects of the data from the A2, GRALL, SAPHIR and CBELSA/TAPS Collaborations to the resonance content extracted from the CLAS data for this reaction have been discussed.
